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Abstract
Recent experiments have uncovered evidence of low energy excitations in the bulk of SmB6 that are perhaps associated with
unconventional quasiparticles, bringing into question whether this Kondo “insulator” is truly insulating in the bulk. Recently,
we demonstrated that SmB6 possesses significant in-gap bulk ac conduction far in excess of typical disordered semiconductors.
Whether such conduction is an intrinsic feature of SmB6, suggesting the formation of an exotic state, or residual conduction from
impurities continues to be a topic of debate. Here, we further examine the origin of the ac optical conductivity of SmB6 in light of
recent experimental and theoretical developments. The optical conductivity of SmB6 is shown to possess distinct regimes of either
dominant free carrier or localized response contributions. The free carrier response is found to be in good qualitative agreement
with previous literature, although quantitative differences are revealed and discussed. The localized response, which dominates at
the lowest temperatures, is analyzed in the context of models of either in-gap impurity states or an exotic neutral Fermi surface.
The charge density or effective mass of this low temperature in-gap conductivity is extracted through a conductivity sum rule
analysis and found to be in general alignment with both models in the appropriate limits. Our results shed further light on the
nature of the in-gap states of this remarkable material.
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1. Introduction
Gapped systems are hallmarked by an exponential diver-
gence of their resistivity with reducing temperature. Devia-
tions from this behavior are indicative of additional conduc-
tion mechanisms, whether they be extrinsic, perhaps stem-
ming from impurities or disorder, or intrinsic, for instance
resulting from the formation of topological surface states.
In the late 1960’s, resistivity measurements [1,2] performed
on the mixed-valent [3] semiconductor SmB6 revealed two
prominent features: First, the onset of such an exponential
dependence at T ≈ 50K, signifying a crossover from metal-
lic to insulating behavior. Today this crossover is known to
stem from the hybridization of localized 4f electrons near
the Fermi level and itinerant 5d electrons [4,5,3], opening
∗ Corresponding author
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a gap in the density of states of order ∆g ≈ 20 meV. The
second, and more surprising, feature is a plateauing of the
resistivity that occurs at temperatures T < 5K, signifying
a new dominant conduction mechanism. Despite intense
experimental and theoretical investigation, the physics be-
hind this plateau has remained a mystery for nearly half a
century.
Interest in SmB6 was rekindled in 2010 due to the sem-
inal prediction that SmB6 may be the first known exam-
ple of a topological Kondo insulator (TKI), a new state of
matter in which strong interactions and spin-orbit coupling
conspire to open a parity inverted gap with correspond-
ing in-gap topological surface states [6]. In this interpreta-
tion, the plateau in the resistivity of SmB6 results from the
topological surface states which short out the insulating
bulk at low temperatures. Accordingly, a flurry of theoret-
ical [6–10] and experimental [11–23] investigations into the
physical properties of SmB6 have been reported in recent
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years, many of which have proclaimed findings consistent,
although perhaps not conclusively so, with the TKI predic-
tion.
The realization of a TKI is certainly an exciting prospect.
It has been proposed that since the gap of SmB6 is interac-
tion driven it may be truly insulating, which has generally
not been the case in other classes of non-interacting topo-
logical insulators. Therefore, SmB6 may be better suited
for technological applications. Indeed, dc resistivity mea-
surements do suggest an insulating bulk [11–14] with more
recent measurements observing the exponential divergence
of the bulk resistivity over an incredible 10 orders of mag-
nitude, including to very low temperatures deep within the
plateaued regime [24].
However, the story of SmB6 took an unexpected turn
in 2015 when torque magnetometry experiments per-
formed by Tan et al. [25] uncovered what appeared to be
quantum oscillations associated with an unconventional 3-
dimensional Fermi surface, potentially consisting of exotic
neutral quasiparticles. In fact, evidence of a potentially
exotic state within the bulk of SmB6 can be traced back
decades. It has long been known that the Sommerfeld co-
efficient of the specific heat of SmB6 is unusually large, γ
≈ 10 mJ/mol*K2 [26–28] - 10 times larger than metallic
LaB6. Such large fermionic specific heat has since been
shown to be a bulk effect [29]. Additionally, low-energy ac
conductivity experiments of SmB6 have revealed in-gap
conduction consistent with a localized response with con-
ductivities orders of magnitude larger than the dc value
[30–35]. The aforementioned experimental findings raise
an important red flag in our understanding of SmB6; is the
Kondo insulator SmB6 even...an insulator?
We raised this question in a previous publication based
on our low-energy optical spectroscopy experiments [36]. In
that work we definitively demonstrated that the large in-
gap ac conduction of SmB6 is three-dimensional and there-
fore a bulk effect. Whether such large in-gap conduction
is a hint of an exotic state [37–39] or simply residual con-
duction from impurities [40–44] continues to be a topic of
debate. However, we argued that there are reasons to be-
lieve that such conduction may be intrinsic to SmB6. For
instance, we found that the ac conductivity was highly re-
peatable, even when comparing samples grown by different
techniques - in stark contrast to the exponentially sensitive
conduction of impurity band insulators [45]. Furthermore,
although the in-gap conductivity displays a power law fre-
quency dependence that resembles impurity band insula-
tors, it is orders of magnitude larger than what is observed
in disordered semiconductors and is more on-par with com-
pletely amorphous alloys [46].
In this work, we further analyze the optical conductivity
of SmB6 in the context of recent theoretical and experimen-
tal developments. As our experimental energy range, 1 - 8
meV, is less than the bulk gap, ∆g ≈ 20 meV, we directly
probe the in-gap conduction of SmB6. The conductivity is
modeled with two contributions - a free carrier response
which dominates at high temperatures and a “localized”
response which dominates within the plateaued state. To
be clear, the term localized does not necessarily refer to the
charge carriers themselves, but to the response of the cur-
rent as it is inferred that the dc conductivity goes to zero in
the zero frequency limit. The free carrier response is found
to be in good qualitative agreement with previous litera-
ture, although quantitative differences are revealed and dis-
cussed. The localized response is analyzed in the context of
models of either in-gap impurity states or an exotic neutral
Fermi surface. The charge density or effective mass of this
low temperature in-gap conductivity is extracted through
a conductivity sum rule analysis and found to be in general
alignment with both models in the appropriate limits. Our
results shed further light on the nature of the in-gap states
of this remarkable material.
2. Methods
Highly sensitive time-domain terahertz (TDTS) ex-
periments were performed on single crystal samples of
SmB6 grown by both optical floating zone and aluminum
flux growth techniques. In the present paper, we concen-
trate solely on samples grown by the optical floating zone
method. Such optical transmission experiments are excep-
tionally difficult to perform on SmB6 due to the material’s
high index of refraction (n ≈ 25) and, as demonstrated be-
low, large absorption in the THz range. Correspondingly,
novel methods for performing TDTS experiments on SmB6
were developed. Details of our methods, which involved
mounting SmB6 samples to Al2O3 substrates and polishing
to thicknesses of 10’s of µm, can be found in Ref. [36].
TDTS transmission experiments were performed using
a home built spectrometer within a temperature range of
1.6K to 300K [47] on single crystal SmB6 samples oriented
such that the cˆ [001] axis was perpendicular to the plane
of the sample surface. TDTS is a high resolution method
for accurately measuring the electromagnetic response of
a sample in the experimentally challenging THz range. In
our TDTS experiments, the electric field of a transmitted
THz pulse through a SmB6 sample mounted to an Al2O3
substrate was measured as a function of real time. Per-
forming a Fourier transform of the measured time-domain
electric field and referencing to the transmitted electric
field through an identical substrate allows access to the fre-
quency dependent complex transmission spectrum of the
sample. The complex transmission is then given by:
T˜ (ω) =
2n˜(n˜s + 1)
(n˜+ 1)(n˜+ n˜s)
exp [
iωd
c
(n˜− 1)] (1)
where d is the sample thickness, ω is the frequency, c is the
speed of light, n˜ is the sample’s complex index of refrac-
tion, n˜s = 3.1 is the Al2O3 substrate’s index of refraction,
and normal incidence in a vacuum has been assumed. The
complex transmission can then be numerically inverted via
a Newton-Raphson algorithm to obtain the sample’s com-
plex index of refraction from which the complex optical
conductivity can be determined.
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Fig. 1. (a,b) Magnitude of the complex transmission, as defined in
Eq. 1, as a function of frequency and temperature for a representative
sample grown by the optical floating zone method with thickness d =
22 µm. (b) Real part of the optical conductivity. σ1(ω, T ), extracted
from the transmission shown in (a) by numerical inversion of Eq. 1.
3. Experimental Results
3.1. Optical Conductivity Of SmB6
Fig. 1(a) displays the magnitude of the complex trans-
mission, as defined in Eq. 1, as a function of temperature
and frequency for a representative sample grown by the op-
tical floating zone method with thickness d = 22 µm. Sam-
ples grown by the aluminum flux method display similar re-
sults but with poorer signal to noise due to smaller sample
sizes and technical aspects of our measurement [36]. There-
fore, we focus here on the optical floating zone samples. At
the lowest temperatures, the largest transmission of ≈ 20%
is observed and then quickly decreases with increasing fre-
quency. The transmission also displays strong temperature
dependence, decreasing with increasing temperature until
becoming opaque in the THz range for temperatures T ≥
30K for sample thicknesses d > 10 µm. As we will discuss
below these features are generally consistent with residual
conductivity within a gap which is closing or filling in with
increasing temperature.
As stated in the methods sectio ab v , the real and
imaginary parts of the complex optical conductivity can be
extracted from the complex transmission via numerical in-
version of Eq. 1. Fig. 1(b) displays the real part of the op-
tical conductivity, σ1(ω, T ), which was extracted from the
transmission shown in Fig. 1(a). With some notable differ-
ences discussed previously [36], the general frequency and
temperature dependence of these data are in rough agree-
ment with those of previously reported optical studies of
SmB6 [31,33–35], although the exceptionally high resolu-
tion of our measurements provides new details.
The conductivity displays a crossover from metallic to
insulating behavior as a function of temperature. At the
highest measured temperatures a Drude-like response is ob-
served as the optical conductivity is largest at the lowest
frequencies and is a decreasing function of frequency there-
after. The Drude-like response indicates the presence of free
charge carriers in the conduction band. As the tempera-
ture is reduced, the magnitude of the Drude response cor-
respondingly decreases, disappearing at T ≈ 13K, at which
point the conductivity is nearly frequency independent out
to 2 THz. At lower temperatures, T < 13K, the conductiv-
ity becomes an increasing function of frequency, displaying
approximately linear behavior below≈ 1 THz. This change
in the functional dependence of the conductivity with fre-
quency signifies a shift to a new dominant conduction mech-
anism consistent with a localized response within the gap.
Above 1 THz the conductivity saturates and displays little
dependence with temperature or frequency.
It is clear from the discussion above that the conductiv-
ity of SmB6 in the THz range consists of at least two con-
tributions, a Drude-like response from free charge carriers
and additional conduction from the “localized” response.
As mentioned above, we refer here to the non-Drude con-
ductivity as being associated with a localized response as
these states do not contribute to the dc transport. How-
ever, if a neutral Fermi surface does exists within the gap of
SmB6 then the excitations themselves may be delocalized.
Thus “localized” is simply terminology.
Here we make the ansatz that the conductivity of the
localized response is independent of temperature in our
measurement range. This assumption is supported by the
weak temperature dependence of the conductivity at high
frequencies, well above the scattering rate of the Drude
contribution. We can then model the total frequency and
temperature dependent conductivity as:
σ1,Tot(ω, T ) = σ1,Loc(ω) + σ1,Drude(ω, T ) + σ1,min(T ) (2)
where σ1,Drude(ω, T ) is the free carrier response, σLoc(ω) is
the temperature independent conductivity of the localized
response, and σmin(T ) is a frequency independent back-
ground conductivity which was found to be required to ac-
curately fit the spectra above 12K. It should be noted that
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Fig. 2. Analysis of the free carrier response of SmB6. (a) Free carrier conductivity (dashed lines) with corresponding fits to the Drude model
(solid lines) as a function of temperature. (b) Temperature dependence of the dc conductivity (blue squares) with a corresponding exponential
fit (red dashed line) from which an activation gap of 4.14 meV is extracted. Also shown is the temperature dependence of the minimum
conductivity (black circles). Inset: Temperature dependence of the scattering rate. (c) Arrhenius plot of the plasma frequency where two
activation energy scales can be observed in distinct temperature regimes. The black dashed line is a fit with f2pl ∝ exp (−∆1/kBT ) while the
red dashed line corresponds to a fit with f2pl ∝ exp (−∆2/2kBT ) such that a direct comparison to Ref [35] can be made.
this minimum conductivity has been previously included
in fits of the optical conductivity of SmB6 [35], and inter-
preted in terms of a Mott minimum conductivity [48]. With
the conductivity modeled in this fashion, we can now sep-
arate the free carrier and localized responses and analyze
them independently.
3.2. Analysis Of The Free Carrier Response
To isolate the free carrier response, we simply subtract
the conductivity of the localized response from the total
conductivity shown in Figure 1(b). We can identify the
localized conductivity to be the total conductivity at the
lowest measured temperature, T = 1.6K, at which point
the free carrier conductivity is frozen out. Subtracting the
conductivity at T = 1.6K then isolates the free carrier re-
sponse apart from the background σ1,min(T ), which can be
included in a fit and subtracted as well. Figure 2(a) dis-
plays the extracted free carrier conductivity (dashed lines)
found by subtracting the 1.6K conductivity and σ1,min as
described above. As expected, the free carrier conductivity
is largest at high temperatures and low frequencies. As the
temperature is reduced, thermal activation across the gap
is frozen out and the corresponding free carrier conduction
is significantly reduced.
We can model the free carrier conductivity with the
Drude model, in which case the frequency dependent ac
conductivity is given by:
σ1,Drude(ω) =
σdcγ
2
(γ2 + ω2)
(3)
where σdc = ne
2τ/m∗ = f2pl/2γ is the dc conductivity, γ
= 1/2piτ is the scattering rate, fpl is the plasma frequency
and n and m∗ are the charge density and effective mass
respectively. Solid lines in Figure 2(a) are fits of the spectra
to Eq. 3. One can see that the free carrier conductivity
is well described by the Drude model, consistent with our
overall conductivity model given in Eq. 2.
We can then extract the temperature dependent dynam-
ical properties of the free charge carriers from the Drude
fits shown in Figure 2(a). Figure 2(b) displays the temper-
ature dependence of the extracted dc conductivity, which
displays the expected activated behavior with temperature.
We can ascertain the activated energy scale by fitting the
dc conductivity with the expression σdc ∝ exp (−∆/kBT )
where ∆ is the activation energy. The red dashed line in
Figure 2(b) displays a fit of the dc conductivity with such
an activated exponential. Only data above 7K were used for
the fit as the conductivity is most Drude-like in this tem-
perature range. From these fits we extract an energy scale
of ∆ = 4.14 meV, in excellent agreement with previous dc
resistivity measurements [1,2,11–14] and the ∆ = 4.01 meV
found in recent Corbino measurements, which have mea-
sured the bulk resistivity over 10 orders of magnitude [24].
Also shown in Figure 2(b) is the temperature dependence
of the minimum conductivity σ1,min(T ), which is only finite
above 12K, reaching a maximum value of 9.4 Ω−1cm−1 at
17.5K.
The inset of Figure 2(b) displays the scattering rate as
a function of temperature. The scattering rate is difficult
to extract at low temperatures as the Drude conductiv-
ity quickly diminishes in magnitude. However, the general
trend of a slightly increasing scattering rate as the temper-
ature is reduced is observed in the data down to 7K. Below
this temperature the error bars are too large to definitively
assess the temperature dependence of the scattering rate
and therefore this data is not included in the inset.
Figure 2(c) displays an Arrhenius plot the square of the
plasma frequency, a quantity proportional to n/m∗. Much
like the dc conductivity, one expects f2pl to possess activated
behavior due to the temperature dependence of the charge
density, although the implicit assumption here is that the
effective mass is temperature independent over the tem-
perature range of our measurement. Fitting these data to
similar activated expressions as the dc conductivity reveals
two distinct regimes of activated temperature dependence
4
with different energy gaps separated by an inflection point
at 10 K. Below 10K we find an activation gap of ∆1 = 1.42
meV while above 10K we find an activation gap of ∆2 =
5.63 meV. These findings will be addressed in the discus-
sion below.
3.3. Analysis Of The Localized Response
We identified the conductivity at the lowest measured
temperature, 1.6K, to be the local response within the gap,
as the Drude response is frozen out at these temperatures.
It was assumed that this conductivity is temperature in-
dependent at least up to 20K, as evidenced by the weak
temperature dependence of the conductivity at high fre-
quencies. Here we analyze the conductivity of the localized
response in more depth.
Figure 3(a) displays the localized conductivity as a func-
tion of frequency at T = 1.6K. The conductivity can be sep-
arated into two regimes. Below 1 THz, we find the conduc-
tivity is well described by a power law expression, σ1,loc(ω)
∝ ωn with an exponent n ≈ 0.8. Above 1 THz the con-
ductivity shifts to a linear dependence with frequency, al-
though fitting the conductivity over such a small frequency
range is likely not definitive. It should be noted that the
energy scale of this crossover with frequency, ≈ 4 meV, is
identical to the bulk activated energy scale observed in dc
transport experiments. We return to this observation in the
discussion below.
We discussed the frequency dependence of this localized
conductivity in some detail previously [36]. If such conduc-
tion stems entirely from impurity states then one might
draw a parallel between SmB6 and models of disordered
Kondo insulators, which have investigated the effects of
substitutional doping of the f -ion sites [41,43,49,50]. These
models suggest that the Kondo gap is exceptionally sensi-
tive to impurities as they break the translational invariance
of the Kondo lattice and therefore destroy of the coher-
ence of the heavy-fermion ground state. For small impu-
rity concentrations, these models predict an impurity band
to form within the gap which scales with the square root
of the impurity concentration. At a critical impurity con-
centration, suggested to be as little as a 1%, a percolation
threshold between impurity states is reached, effectively
closing the bulk gap. The expected optical conductivity of
these models depends on whether the impurity concentra-
tion is above or below this threshold. Above the percola-
tion threshold, the conductivity is expected to be a weak
Drude peak for frequencies below the indirect gap, which is
inconsistent with our observation of power law conductiv-
ity at low frequencies in SmB6. However, the conductivity
below the percolation threshold, when the impurity states
are presumably localized, has not yet been investigated to
best of our knowledge.
For a comparison to localized impurity states in disor-
dered semiconductors, one may turn to localization driven
insulators such as the disordered “electron glass” Si:P [45].
(a) 
(b) 
Fig. 3. (a) The real part of the conductivity of SmB6 at 1.6K, iden-
tified here as the conductivity of the in-gap localized response. A
shift in frequency dependence at the activated bulk energy scale is
observed. (b) The optical conductivity of the localized states ex-
trapolated from zero frequency to the hybridization gap edge. The
gray shaded region represents a rough approximation of the spectral
weight of this band from which the charge density or effective mass
can be extracted, see text for details.
In such insulators, the expectation is that at the lowest
temperatures ac conduction occurs between resonant pairs
of localized states. Without interactions the ac conductiv-
ity is expected to follow Mott’s famous ω2 law [51], which
is clearly inconsistent with the data exhibited here. With
interactions included, but at frequency scales below that
of the characteristic interaction energy between electron-
hole pairs, the expectation is that the conductivity is quasi-
linear with σ1(ω) = e
4D(F )
2ξ4[ln(2I0/~ω)]3ω/ where ξ is
the localization length, D(F ) is the density of states at the
Fermi level, and I0 is the characteristic scale of tunneling
between localized states that is expected to be bounded by
the hybridization gap energy [52]. Our ac conductivity data
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shown in Figure 3(a) is roughly consistent with this model
below 1 THz, with the caveat that the power law exponent
is n ≈ 0.8 instead of the expected linear dependence. How-
ever the ω2 dependence, expected at frequencies above the
interaction energy scale of the system, is never recovered
up to 2 THz.
However, whatever partial qualitative agreement exists
between these data and that of localization driven insula-
tors is overshadowed by the stark quantitative differences.
The in-gap ac conductivity of SmB6 is ≈ 4 orders of magni-
tude larger than the impurity band conduction in Si:P (at
say doped 39% of the way towards the 3D metal-insulator
transition) [45] and is essentially of the scale of the ac
conduction in completely amorphous NbxSi1−x alloys [46].
Therefore, one must consider other possibilities. Recent
theories have proposed mechanisms by which one might at-
tain a charge neutral Fermi surface within the Kondo gap
[53,37–39]. Such neutral quasiparticles would be inert in
dc transport experiments but may still couple to ac fields
[54]. A separate theory claims that these in-gap localized
states may originate from intrinsic electrons in SmB6 that
become self trapped through interactions with valence fluc-
tuations [55]. Such theories have predicted functional forms
for the optical conductivity in the context of their models
but thus far none have predicted a power law behavior at
low frequencies with exponents of n ≈ 1, as is observed in
our measurements.
We can further characterize the origin of the localized
carrier conduction by examining the spectral weight of the
in-gap conductivity. In an optics measurement, the spectral
weight of a band can be related to the density of charge
carriers n and effective mass m∗ through the conductivity
sum rule relation:
∫ W
0
σ1(ω) dω =
ne2
pim∗
(4)
where the upper limit of the integral is the unrenormalized
electronic bandwidth [56,57]. Figure 3(b) displays the lo-
calized conductivity with extrapolations of our fits of the
data from zero frequency to 20 meV, roughly the expected
value of the hybridization gap edge where it is known the
conductivity rises by several orders of magnitude [35]. The
gray shaded area represents an estimate of the spectral
weight of this band. Using this area we may then make an
estimate for the charge density of the localized response,
although performing such an analysis requires knowledge
of the effective mass. Given the already crude nature of this
approximation we assume that the effective mass is simply
the free electron mass, although further discussion on this
point will be made below. Performing the calculation as de-
scribed results in an extracted charge density of n = 1.75
× 1019 cm−3 or ≈ 1 electron / 1000 unit cells. This charge
density will be analyzed in the context of impurities or a
potentially exotic state in the discussion below.
3.4. Discussion
The analysis presented in this work is similar to that of
a previous infrared conductivity study of SmB6 [35], which
also separated the optical conductivity into free carrier and
localized responses. While aspects of the data presented
here are in agreement with Ref. [35], important differences
exist, particularly in regards to the localized response. Here
we discuss how our results compare to previous studies and
how our interpretations differ given recent developments in
the understanding of SmB6.
Our analysis of the free carrier response is in good qual-
itative agreement with the results of Ref. [35], although
quantitative differences exist. For instance, the scattering
rate reported in Ref. [35] is significantly smaller than that
found in this work. Gorshunov et al. report a scattering
rate of γ ≈ 90 GHz below 15K, only roughly 20% the γ
≈ 0.5 THz observed here. Additional differences are found
in the temperature dependence of the scattering rate. Gor-
shunov et al. report a temperature independent scattering
rate below 15K which was attributed to dominant impurity
scattering. Our extracted scattering rate displays a weak
increasing behavior with reducing temperature from 20K
to 6K. It is unclear where this discrepancy originates. It is
possible that such an increase may be caused by slight tem-
perature dependence of the localized conductivity, which
we have assumed to be temperature independent in our
model. However, the validity of our model is evidenced by
the fact that the extracted dc conductivity agrees with dc
transport measurements performed on a sample from the
same batch and displays the expected activated behavior
with an energy scale in excellent agreement with dc trans-
port experiments.
Additional distinctions are found in the temperature de-
pendence of the plasma frequency. Both our work and Ref.
[35] find the plasma frequency to display two distinct tem-
perature regions of activated behavior with different acti-
vation energies. However, the activated energies extracted
in these two regimes are fairly different between our mea-
surements. Gorshunov et al. report activation energies of 19
meV and 3 meV above and below 15K respectively, while
our measurements indicate activation energies of 5.6 meV
and 1.5 meV above and below 10K respectively. One may
be quick to associate such discrepancies to the difference
in scattering rates but the weakly temperature dependent
scattering rate is only a moderate modification compared
to the exponential dependence of the dc conductivity. Re-
calculating the plasma frequency with our extracted dc
conductivity but with the scattering rate reported by Gor-
shunov et al. results in activated energies of 12 meV and
2 meV, in better agreement but still only about 65% the
values reported in Ref. [35].
Our results regarding the localized response are in better
quantitative agreement with Ref. [35], although important
differences still exist. Gorshunov et al. identify a “bump”
in the optical conductivity at 0.72 THz which was fit with
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a Drude-Lorentz oscillator and used to model the localized
component of the optical conductivity. The bump was at-
tributed to an in-gap impurity band and thus all the lo-
calized conductivity was assumed to be related to impuri-
ties. However, as seen in Figure 1(b), we have not observed
such a feature in any of our measurements of SmB6 and
speculate that this feature may have been an experimen-
tal artifact caused by standing wave resonances that oc-
cur in backwards wave oscillator setups as was used in Ref.
[35]. We therefore make no assumptions about the func-
tional form of the localized conductivity with frequency in
our analysis. It should be noted that despite this difference,
Gorshunov et al. find the localized conductivity to be only
weakly temperature dependent below 20K, supporting our
assumption that the localized contribution is temperature
independent over the same range.
Such distinctions between our experimental results and
that of Ref. [35] are important as they may alter the inter-
pretation of the data. Gorshunov et al. attribute the dif-
ferent activation energy scales of 19 meV and 3 meV in
the free carrier plasma frequency to be the hybridization
gap and the energy gap between an impurity band and the
bottom of the conduction band respectively. Support for
this interpretation was given by the bump in the localized
conductivity at 3 meV, the same energy as the activation
observed in the plasma frequency below 15 K. However, as
we have discussed, our experiments observe different acti-
vation behavior and no corresponding bump in the local-
ized conductivity. Moreover, Gorshunov et al.’s bump was
only a weak maximum in a large background of conduc-
tion, and it is not clear, even if such a band exists, why it
would manifest in the dc data with an activated tempera-
ture dependence. Given the results presented here, the ac-
tivated energy scales in the plasma frequency may require
reinterpretation.
Still, while we do not observe a maximum in the conduc-
tivity, we do observe a shift in its frequency dependence at
the bulk activation energy scale as shown in Figure 3(a).
The origin of this shift is unclear, although suggestions can
be found in both impurity and neutral Fermi surface mod-
els. For instance, Kondo impurity models predict that a
finite impurity concentration smears out the peak in opti-
cal conductivity at the direct gap, leading to a tail of con-
duction which extends down to the indirect gap [43]. One
may then interpret the 4 meV activation energy scale of the
bulk as the indirect gap, with ac conduction below this en-
ergy scale stemming from localized impurity states which
do not participate in the dc transport. However, the same
argument could be made in the case of a neutral Fermi sur-
face, which, being charge neutral, would also be inert to dc
transport experiments.
Additional information regarding the origin of the local-
ized conductivity is provided by the spectral weight analy-
sis shown in Figure 3(b), from which we found an approx-
imate charge density of n ≈ 1 electron / 1000 unit cells.
It should be noted that such an analysis comes with large
caveats. In general, one must integrate up to frequencies of
order the unrenormalized electronic bandwidth in order to
infer the charge density or band mass from the conductiv-
ity sum rule. Here the integration was performed only to
the hybridization gap edge, as the conductivity is known to
rise by several orders of magnitude here [35]. However, it
is not obvious that the in-gap conduction must end at the
hybridization gap edge. Furthermore, our calculation was
conducted under the assumption that the effective mass
was that of the free electron mass, which likely is not the
case as evidenced by quantum oscillations experiments [25]
which observe a mass of 0.18me up to 10K. Repeating the
calculation with this effective mass lowers the extracted
charge density to n ≈ 1 electron / 5000 unit cells. In con-
trast, if a “heavy” mass is used then the charge density per
unit cell can be significantly larger. Thus, the uncertainty
on this charge density is large. Still, such an quasi-free elec-
tron analysis is enough to obtain an approximate under-
standing of the scale of the total number of charge carriers.
With these important considerations in mind, we now com-
pare this value to the expectations of both impurity and
neutral Fermi surface models.
Taken at face value this charge density is roughly con-
sistent with what one might expect from impurities. For
instance, our extracted charge density is about 10 times
larger than the charge density at the metal-insulator tran-
sition of Si:P [45]. However, it is also about a factor of
10 less than the percolation threshold predicted by Kondo
impurity models, which suggest that only a few percent
impurity concentration is needed to effectively close the
Kondo gap [43,49,50]. Given the large error bars on our
extracted charge density, we can only remark that the ex-
tracted charge density is in general alignment with such
theories.
A comparison can also be made to models of an in-gap
neutral Fermi surface. Before proceeding it should be noted
that it is not obvious how the conductivity sum rule used in
this fashion applies in the case of a neutral Fermi surface.
As we mentioned, performing the sum in Eq. 4 to frequen-
cies a few times the bandwidth in conventional metals al-
lows one to extract the band mass. What an analogous sum
performed only over low frequencies in the case of a neutral
Fermi surface tells us is, to the best of our knowledge, not
yet known. We hope that this analysis may inspire future
theoretical investigations and we speculate that such a gen-
eral statement about the sum rules may be more accessible
than detailing the precise shape of the optical conductivity
in such models.
Still, comparisons can be made. For instance, in the
model of Refs. [39,58], a neutral Fermi surface arises
through fractionalization of f -holes into separate holon and
spinon quasiparticles. Strong binding between conduction
d-electrons and the holons are proposed to form a charge
neutral fermionic composite exciton (FCE) which gives
rise to a neutral Fermi surface in the appropriate limits.
In the context of this model the FCE density is found to
be identical to the d-electron density, i.e. of order nFCE ≈
1 / unit cell. One may then insert this charge density into
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our sum rule analysis and instead ask what is the effective
mass of these excitons. Interpreting the result of our sum
rule analysis in this fashion suggests an effective mass of
m∗ ≈ 1000me. How does this compare to the model of Ref.
[39]? The effective mass of the FCE’s may be inferred from
the inverse of their hopping amplitude, m∗FCE ∝ Udf/tf td,
where tf and td are the hopping amplitudes of the f -holes
and d-electrons respectively and Udf is the Coulomb re-
pulsion between f and d electrons. As the f bands are
nearly flat, tf is expected to be quite small, while the Udf
is expected to be a large energy scale of the system. Thus,
one expects a very large mass enhancement for the FCE’s,
consistent with the results of our sum rule analysis.
4. Conclusion
In this work, the optical conductivity of the Kondo in-
sulator SmB6 was shown to possess distinct regimes in
which the conductivity is dominated by either free car-
rier or localized contributions. The free carrier response,
dominant at temperatures above 10K, was analyzed in the
context of the Drude model and found to be generally
consistent with previous measurements, although quanti-
tative differences were found and discussed. The localized
response, which becomes dominant at the lowest tempera-
tures, was analyzed in the context of models of disordered
insulators and recent developments which suggest a poten-
tially neutral Fermi surface forms within the gap of SmB6.
We found, through a conductivity sum rule analysis that
the charge density or effective mass of this localized re-
sponse is in reasonable agreement with models of both im-
purities and a neutral Fermi surface within the gap of SmB6
in the appropriate limits. Our results have shed further
light on the mysterious in-gap conduction of SmB6 and our
hope is that these measurements will inspire future inves-
tigations into the properties of this remarkable material.
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